Abstract. A number of observations indicate that an upper stability transition occurs along well-developed faults, such as the San Andreas, as a result of unconsolidated gouge within shallow regions of these faults. These observations include the depth distribution of seismicity along faults with and without well-developed gouge zones, correlations between seismicity and shallow crustal structure, and modeling of coseismic and post-seismic slip. In addition, recent experimental friction studies indicate that thick layers of simulated gouge exhibit a positive slip-rate dependence of frictional resistance (velocity strengthening) and thus inherently stable slip, whereas bare rock surfaces and thin gouge layers exhibit potentially unstable velocity weakening behavior. Subduction zones with large accretionary wedges also exhibit an upper stability transition in that slip is aseismic within the accretionary wedge. A stability transition due to the presence of unconsolidated material can also be invoked in this case.
Introduction
Detailed microearthquake studies along the San Andreas and other well-developed faults commonly show a confinement of hypocenters to between ca. 3 and 14 km depth [Eaton et al. 1970 ; Reasenberg and Ellsworth, 1982] . The lower boundary of this seismogenic zone has been attributed to a transition from brittle to ductile deformation [e.g., Sibson, 1977] . Recently, this explanation has been refined by Tse and Rice [1986] who show that the base of the seismogenic zone can be understood solely as a transition from unstable to stable frictional slip due to increasing temperature. In contrast, the upper cutoff in seismicity, between 3-5 km along well-developed faults, has received little attention.
In this paper we examine the transition in frictional stability indicated by the upper cutoff in seismicity along welldeveloped faults. We consider faults well-developed if they have undergone significant net displacement, and as a result, contain thick zones of wear material (gouge) [Robertson, 1983; Scholz, 1987] . The upper cutoff in seismicity has generally been attributed to the stabilizing effect of low normal stress or the effects of pore fluids and dilatancy hardening. In the case of low normal stress, shallow seismicity should either be absent along all faults or its absence should correlate with the mode of faulting (i.e., normal vs. thrust). However, as we show here, seismic data indicate that only welldeveloped faults exhibit an upper cutoff in seismicity; poorly- 
Observations of Seismic Frequency with Depth
To investigate the depth dependence of seismicity, accurate hypocentral locations are required. To avoid biasing against shallow seismicity, we have used data from detailed microearthquake studies in which dense portable networks and local velocity models were used. These studies provide high resolution, +_ 1 km, hypocentral locations. In addition, "A" and "B" quality data were used for a few areas. Comparisons of these data [Doser and Kanamori, 1986] with those from local surveys [e.g., Gilpin and Lee, 1978] indicates that they are not biased against shallow events. Seismic data collected for a region over a number of years can be used directly to infer variations in frictional, or rheologic, properties with depth [e.g., Sibson, 1984] . Aftershock surveys also provide information on the depth variation of frictional properties. A potential problem with aftershocks, however, is that an absence of shallow seismicity may simply reflect a lack of loading by the mainshock. Therefore, we do not consider aftershock sequences for unusually deep events. found that after-slip within Imperial Valley was confined to the upper 3 km. This is consistent with velocity strengthening within this region, since velocity strengthening acts to arrest co-seismic slip, resulting in a slip deficit that upon relaxation produces after They show that a seismic front (transition from seismic to aseismic slip) is commonly observed at about the position of the outer-arc high. They attribute the outer-arc high to a change in the critical taper of the accretionary wedge due to stronger material directly below which forms a "backstop" for the unconsolidated material comprising the accretionary wedge. Slip is seismic arcward and deeper than the outer-arc high, whereas slip is aseismic within the accretionary wedge and shallow subduction zone. The seismic front, and upper cutoff in seismicity, therefore, appears to be controlled by the transition from unconsolidated material within the accretionary wedge to consolidated material which makes up the backstop.
Discussion and Conclusions
Where shallow crustal structure is known in detail, seismicity shows an upper cutoff which coincides with a transition from low seismic velocity (unconsolidated) sediments to competent material. The low normal stress argument for an upper stability transition is not consistent with this observation nor with the shallow seismicity observed along poorly-developed faults. In addition, modeling of co-seismic and post-seismic slip of the 1979 Imperial Valley earthquake indicates velocity strengthening within the unconsolidated sediments. These observations are consistent with the idea that the upper cutoff in seismicity along well-developed faults is the result of a transition from inherently-stable velocity strengthening within the shallow unconsolidated gouge to velocity weakening within the consolidated material below. The seismic front observed along some subduction zones is also consistent with a stability transition due to the presence of unconsolidated material.
It has long been known that the accumulation of wear material tends to stabilize slip in laboratory samples. Recent laboratory friction studies support this observation in that slip within thick gouge exhibits inherently-stable velocitystrengthening behavior, whereas bare rock surfaces and thin gouge layers show potentially unstable velocity weakening. Which of these cases is a more appropriate analog for natural faults remains poorly understood, however, the available data from natural faults support the idea that thick unconsolidated gouge layers are an appropriate analog for at least the shallow portions of well-developed faults.
